ABSTRACT Background: Alterations in plasma fatty acid distribution are linked to metabolic abnormalities related to type 2 diabetes and cardiovascular disease. Objective: The aim of this study was to investigate genetic factors influencing plasma fatty acid distribution in Alaskan Eskimos from the Genetics of Coronary Artery Disease in Alaska Natives (GOCADAN) study. Design: Fatty acids in plasma were measured by gas chromatography in 761 related individuals (.35 y of age). Results: Quantitative genetic analyses showed that fatty acid distribution is significantly heritable (P , 0.001), with heritabilities ranging from 0.33 to 0.55. A genome-wide scan for plasma fatty acids identified a 20-cM region on chromosome 8 (p12-p21) with a quantitative trait locus for monounsaturated fatty acids (logarithm of odds score = 3.8). The same region had a quantitative trait locus for polyunsaturated fatty acids (logarithm of odds score = 2.6). We genotyped single nucleotide polymorphisms (SNPs) in candidate genes in 8p12-p21 and found a significant association between fatty acids and SNPs in apolipoprotein J (APOJ), lipoprotein lipase (LPL), macrophage scavenger receptor 1 (MSR1), and tumor necrosis factor receptor superfamily member 10b (TNFRSF10B). A Bayesian quantitative trait nucleotide analysis based on a measured genotype model showed that SNPs in LPL, TNFRSF10B, and APOJ had strong statistical evidence of a functional effect (posterior probability 75%) on plasma fatty acid distribution.
INTRODUCTION
Plasma fatty acid (FA) concentration and distribution have been closely linked to type 2 diabetes mellitus (T2DM) and cardiovascular disease (CVD) risk. Changes in plasma FA concentrations and distribution depend on the utilization and release of FAs by tissues such as the liver, adipose tissue, and muscle (1) . Increases in plasma FAs are associated with the activation of the sympathetic nervous system, which results in an increased risk of CVD (2) . Elevated circulating FAs have been reported to affect several tissues (1) . Although there is less information available on FA distribution, plasma long-chain polyunsaturated FAs (PUFAs) have been associated with the risk of atherosclerosis, with one of its family (ie, n23) being linked to reduced risk, whereas another member of its family (ie, n26) is related to an increased risk of atherosclerosis (3) . In a casecontrol study of men, with and without incident coronary artery disease, the plasma saturated FA (SFA) palmitate was associated with an increased risk of coronary heart disease, whereas n23 PUFAs were inversely correlated with coronary heart disease (4). n23 FAs were also associated with a reduced risk of diabetes (5) . Thus, it is likely that the concentration and distribution of FAs in plasma may play a key role in influencing the development and progression of T2DM and CVD. Both genetic and environmental factors are likely to affect the distribution of FAs. A recently published genome-wide association study (GWAS) of related individuals found the FA desaturase 1 (FADS1) gene to be a major contributor to the variation observed in plasma PUFAs (6) . Although, to date, this is the only study to have investigated the genetic influence on plasma FAs in related individuals, its primary focus was only plasma PUFAs and not all FAs. The population of the current study is Alaska Natives from the Norton Sound region of Alaska who are participating in the Genetics of Coronary Artery Disease in Alaska Natives (GOCADAN) study. The GOCADAN study is focused on investigating the relative contribution of genetic and environmental factors to CVD in Alaska Natives. Traditionally, Alaska Natives have had a low CVD mortality (7) . This was assumed to be due to their traditional diet, which was rich in n23 FAs (8) . However, increased Western acculturation has not only changed their dietary habits but has also led to decreased activity levels. Between 1994 and 1998, death rates due to CVD were 30-40% higher in Alaska Natives (aged 25-54 y) than in whites in the United States (9) . Similarly, the death rate due to stroke is also higher among Alaska Natives than their US white counterparts (9) . Given the high CVD risk in this population along with the changing dietary habits (particularly with regard to the type of fat consumed) and the multiple metabolic consequences of increased plasma FAs, we investigated whether there was any evidence of genetic influence on the variation in plasma FAs in this population.
SUBJECTS AND METHODS

Study design
In the GOCADAN study, 1214 individuals (all 18 y of age and older) were recruited from villages in the Norton Sound region on the northwestern coast of Alaska (see Supplemental Figure 1 under "Supplemental data" in the online issue). FA data were available for 761 individuals. All individuals had a baseline examination. Diet, physical activity, and medical history were recorded by using a set of standardized interview instruments. Participants visited the clinics for a fasting blood draw. Blood was drawn by venipuncture, and samples were stored in aliquots at 280 C for phenotypic analysis and DNA extraction. Physical examinations were performed along with electrocardiograms and carotid artery scans. Details of the study recruitment, designs, and methods have been reported by Howard et al (10) and Ebbesson et al (11) . The Institutional Review Boards from all participating institutions approved this study, and informed consent was obtained from all participants.
Demographic and phenotypic data
Demographic and genealogic data collected during the interviews included name, sex, date, place of birth, current home of the participant and his or her spouse, and first-degree relatives of all household members. Anthropometric measurements, height, weight, and waist and hip circumferences were measured by standardized procedures. Body mass index (BMI) was calculated by dividing weight (in kg) by height squared (in m). Body fat was measured by using a Quantum II bioelectrical bodycomposition analyzer (RJL Systems, Clinton Township, MI). Total, HDL, and LDL cholesterol and triglycerides were measured by using an auto analyzer (model 717; Hitachi, Amposta, Spain).
Total plasma FA concentrations were estimated in 761 individuals following the method previously described by Ebbesson et al (8) . In short, analysis of the composition of total plasma FAs was performed on a Hewlett-Packard 5890 gas chromatograph equipped with a 30 nm · 0.32 mm SP2330 capillary column. Each FA was computed by using a regression equation in which the ratio of the area of each FA peak to the internal standard was plotted against the weight ratio of the FA and the internal standard. All FAs are expressed as percentages (mol/100 mL total FAs).
Genotypic data
DNA was isolated from buffy coats by using organic solvents. For each of the participants, 400 short tandem repeat markers (spaced at an average interval of 10 cM throughout the genome) were amplified in separate polymerase chain reactions (PCRs) by using fluorescently labeled primer pairs (ABIPRISM Linkage Mapping Set MD 10 version 2; Applied Biosystems, Foster City, CA). Pedigree and Mendelian errors were detected and corrected by using the software PREST (pedigree relation statistical tests) and SIMWALK2 (12) . Multipoint identity-by-descent matrices for genome-wide linkage analyses were calculated by using the linkage analysis package (LOKI) (13) . The chromosomal map used in these computations was based on marker locations reported by DeCode genetics (14) .
Single nucleotide polymorphism genotyping
Single nucleotide polymorphisms (SNPs) were typed by using the multiplex VeraCode technology from Illumina according to the manufacturer's protocol (Illumina, San Diego, CA). Briefly, the technology is based on allele-specific primer extension. Genomic DNA (250 ng) was activated chemically with biotin and then hybridized to a pool of locus-specific oligos (OPA, Oligo Pool All; Illumina). After removal of nonspecific unbound oligos, a PCR reaction was performed by using fluorescent-labeled primers (Cy3 and Cy5). All steps through the PCR were performed on a Tecan Freedom EVO 150cm liquid handler (Tecan, Männedorf, Switzerland) with Illumina GTS Robot Control software (Illumina). PCR products were cleaned and denatured, and single-stranded fluorescent-labeled DNAs were hybridized to VeraCode beads, which were scanned on a BeadXpress reader by using VeraScan software (Illumina). Raw data, consisting of intensities of fluorescence, were then imported into the analysis software BeadStudio (Illumina). Cluster calls were checked for accuracy, and genotypes were exported as text files for further use in association analysis. Replica samples were included as controls for genotyping and allele calling consistencies. Furthermore, Illumina has included sample-dependent and -independent controls to test for the accuracy of the procedure. We typed 239 SNPs from 5 candidate genes: apolipoprotein J (APOJ), b-3-adrenergic receptor (ADRB3), lipoprotein lipase (LPL), tumor necrosis factor superfamily, member 10B (TNFRSF10B), and macrophage scavenger receptor 1 (MSR1). These SNPs were selected on the basis of being previously reported to be polymorphic in both Asian and European populations.
Statistical analyses
Univariate genetic analysis
A variance components decomposition method was used to estimate heritability and linkage to chromosomal locations affecting variation in plasma FA distribution via genome-wide linkage analysis. This method is implemented in the software program Sequential Oligogenic Linkage Analysis Routines (SOLAR; Southwest Foundation for Biomedical Research, San Antonio, TX; available from http://www.sfbr.org/departments/ genetics_detail.aspx?p=37) and has been described in detail elsewhere (15) . Before conducting genetic analyses, distributional properties of all traits were evaluated. All values beyond 4 SDs were removed, and the remaining traits were transformed by inverse normalization before analysis, to meet assumptions of normality. For the quantitative genetic analysis (linkage and SNP association) we used SOLAR version 4.0 to analyze the data (15) .
Bivariate genetic analysis
Phenotypic, genetic, and environmental correlations were calculated between plasma FAs and other adiposity-related traits as summarized by the following model:
where h 1 2 and h 2 2 are heritabilities of the 2 phenotypes being studied, and rho G and rho E are the additive genetic and environmental correlations between the traits, respectively (16) .
A model in which all parameters are estimated was compared with a model in which the genetic correlation is constrained to zero. To test for complete pleiotropy between the 2 traits, a model in which the genetic correlation was constrained to one was compared with a model in which all parameters are estimated. Twice the difference of logarithm likelihood of the 2 models asymptotically yields a distribution of chi square with 1 df (17) . Evidence of pleiotropy (a common set of genes influencing more than one trait) was indicated by a genetic correlation significantly different from 0.
Measured genotype analysis
Genotype frequencies for each SNP were calculated by using all individuals (18) and were tested for departures from HardyWeinberg equilibrium. Estimates of linkage disequilibrium (LD) between SNPs were determined by calculating pairwise D# and r 2 statistics. As a first step in investigating the association between the SNPs in candidate genes and circulating FAs, we used a measured genotype analysis (19) , as implemented in SOLAR. This approach extends the classic variance components-based biometrical model to account for both the random effects of kinship and the main effects of SNP genotypes. For each SNP, we compared this saturated model with a null model in which the main effect of the SNP is constrained to zero. The test statistic, twice the difference in log e (likelihood) between the saturated model and the SNP-specific null, is distributed as a chi-square with 1 df. Measured genotype analysis was conducted on each SNP to calculate a marginal P value. To compute a gene-based association (20) , a gene-centric P value correction was used that utilizes the effective number of SNPs per defined gene region, allows for nonindependence among family members, and is therefore better able to determine significance under multiple testing (21) . We calculated the effective number of SNPs (ie, informative markers) by using the method of Moskvina and Schmidt (22) . The marginal P value and the effective number of SNPs was used to determine an adjusted P value to be used in multiple testing (21) .
Bayesian quantitative trait nucleotide analysis
The measured genotype analysis described above was used to assess association between the trait and each SNP, analyzing one SNP at a time. However, multiple functional variants will often exist within a chromosomal locus, and joint analysis of multiple variants may be more powerful to detect their effects and to establish which of the many polymorphisms within a region are the most likely to be functional. Blangero et al (18) developed a Bayesian quantitative trait nucleotide (BQTN) approach, which is essentially a Bayesian method based on an underlying measured genotype model that permits joint analysis of multiple variants. The BQTN analysis was implemented in SOLAR (15) to statistically identify the most likely functional SNPs associated with a phenotype. This method has been described in detail elsewhere (18) . In short, Bayesian model selection identifies the set of variants that optimally predicts the phenotype. In a Bayesian framework, 2 competing hypotheses (models) are compared by evaluation of the Bayes factor, which is the ratio of the integrated likelihoods of the competing models (23) . The Bayesian information criterion estimates whether the QTN model explains sufficient variation in the phenotype to justify the number of parameters included and is used in reference to a null model. A Bayesian information criterion difference .2 units provides support for the estimated model over the null model with a posterior probability .75%, and a Bayesian information criterion difference .6 units between the 2 models represent strong support for the estimated model with a posterior probability .99% (18) .The BQTN approach also accounts for model uncertainty and thus provides the posterior probability that each variant is associated with the phenotype of interest. This variantspecific posterior probability is a measure of the evidence that a particular variant is likely to be functional or in high linkage disequilibrium with a functional variant.
RESULTS
The mean and SDs of age, BMI, waist circumference, percentage body fat, triglycerides, and plasma FA concentrations are shown in Table 1 . Women had higher values for BMI and percentage body fat as compared with men. There were no significant differences between sexes in age, waist circumference, and serum triglycerides. With respect to FAs, women had significantly higher percentages of plasma SFAs, whereas men had higher percentages of PUFAs. However, monounsaturated FAs (MUFAs) were not significantly different between men and women ( Table 1) .
Estimation of heritability
To assess the additive genetic component of the variation in plasma FAs, we conducted a variance-component based heritability analysis. We used age, sex, their higher order terms, and interactions as covariates, irrespective of their significance. In another model we used dietary FAs as an additional covariate along with age, sex, their higher order terms, and interactions. Heritabilities were significant for total FAs as well as PUFAs, MUFAs, and SFAs ( Table 2 ) for both models. The heritabilities ranged from 0.35 to 0.55. We also carried out heritability analyses for all fractions of plasma FAs and found all of them to be significantly heritable (data not shown).
Localization of quantitative trait loci through genome-wide scan
A total of 867 relative pairs are represented in this analysis. Of these, most were siblings (n = 194) followed by half-siblings (n = 192), parent-offsprings (n = 156), and half-first cousins (n = 125). Genome-wide scans for the 4 FA types are shown in Figure 1 . The genome-wide scan for FAs showed several interesting chromosomal regions harboring quantitative trait loci (QTLs), with the evidence of suggesting significant linkage ( Table 2 ). The most significant linkage was found for total MUFAs on chromosome 8p12-p21 between markers D8S1771 and D8S505 [logarithm of odds (LOD) score = 3.8]. The one-LOD support interval for this QTL spanned '20 cM (44-64 cM). This region of chromosome 8 showed evidence of suggestive linkage not only for the sum of all PUFAs and MUFAs but also for fractions of PUFAs and MUFAs such as PUFAs (18:2n26) (LOD = 3.4) and MUFAs (18:1n29) (LOD = 2.5) (Figure 2) . Evidence of suggestive linkage (LOD . 2) was found on chromosome 6q for total PUFAs. For the sum of all measured FAs, suggestive linkage was observed on chromosome 10q (Table 2) . Circulating FAs are partly reflective of dietary FA intake (8) . To adjust for that, we conducted genetic analyses using dietary FAs as an additional covariate. Linkage signals did not differ significantly, except for SFAs. This suggests that these signals are specific for plasma FAs and are not affected by dietary intakes.
Bivariate genetic analysis
Bivariate genetic analysis showed significant genetic correlations between plasma FAs and adiposity-related traits ( Table  3) . The SFA myristic acid (C-14) was positively correlated with BMI, percentage fat, waist circumference, 2-h insulin, and glucose; triglycerides and palmitic acid (C-16) were correlated with 2-h glucose and triglycerides, and the long-chain SFA stearic acid was associated negatively with the same parameters. MUFAs, in general, showed a negative correlation with fasting glucose, triglycerides, and glycated hemoglobin. Total and LDL cholesterol were positively correlated with total FAs or the sum of FAs (genetic and phenotypic).
Measured genotype analysis
For association analyses, 231 of 239 SNPs were used after accounting for departures from the Hardy-Weinberg equilibrium. All these SNPs were tested for an association with traits that attained their strongest evidence for linkage on chromosome 8 as well as with adiposity-related traits. Polymorphisms in APOJ showed an association with total FAs and MUFAs. Similarly, significant associations were also observed with polymorphisms in TNFRSF10B, LPL, and MSR1. However, no association was found between plasma FAs and ADRB3 variants ( Table 4) . Some polymorphisms in the candidate genes were also associated with BMI, percentage fat, waist circumference, and plasma triglycerides. All results are shown uncorrected for multiple testing (P , 0.05).
BQTN analysis
Because BQTN (18) analysis identifies the SNPs most likely to have a functional effect on the trait and is robust to multiple testing, the SNPs were next tested by BQTN analysis. In the current analyses, 115 SNPs were used after removing redundant SNPs that were in LD (.90%) with other SNPs. The variants in 3 genes (APOJ, LPL, and TNFRSF10B) had posterior probabilities 75%, which indicated significant support for a functional effect on plasma FAs. The SNP rs285 in LPL showed a posterior probability of 1, which indicated that this SNP is most likely to have a functional effect on the PUFA 18:2n26. All SNPs with posterior probability of a functional effect 0.5 are shown in Table 5 . Of all SNPs, rs328 in LPL accounted for the maximum proportion of variance in circulating triglycerides, followed by rs1059611 in LPL. Both of these SNPs were associated with lower concentrations of triglycerides. Polymorphisms in rs285 were associated with higher concentrations of the PUFA 18:2 n26, whereas the 2 other SNPs with strong posterior probabilities, rs9331891 and rs12541697, were associated with lower concentrations of total FAs. 
DISCUSSION
In this study, we showed that there is a strong genetic component to the variation in plasma FA distribution. In addition, we identified a QTL on chromosome 8 (8p12-p21) that appears to significantly modulate the variation in the proportion of unsaturated FAs. We also found evidence of a significant association between SNPs in candidate genes in this region and plasma FAs and identified an SNP that may have a functional effect on PUFA concentrations. To the best of our knowledge, this is the only study thus far to report a strong genetic influence on all circulating FA types and a significant association between plasma FAs and SNPs in positional candidate genes, with evidence of a functional effect of these SNPs on plasma FAs. Plasma FA distribution showed higher plasma SFAs than MUFAs or PUFAs in the study participants; women had higher percentages of plasma SFAs and lower percentages of PUFAs than did men. Historically, Alaskan Eskimos have consumed more n23 FAs because of their traditional diets. It was hypothesized that this explained the low CVD mortality that has been observed among this population (8) . However, recent trends have shown an increase in CVD mortality (9) . A shift toward nontraditional foods rich in saturated fats and lower rates of physical activity may have been major factors influencing this change in CVD profile (8) . Bivariate analysis was conducted to investigate whether there is a genetic influence on the relation between plasma FAs and adiposity traits. Significant genetic correlations between FAs and adiposity traits indicate that a common set of genes might be influencing FAs as well as the adiposity traits. Although several studies have found positive correlations between FAs and adiposity traits, this is the first study to identify genetic correlations between them. In addition, the phenotypic correlations of plasma FAs with adiposity traits observed in the current study are consistent with previous studies (5, 24) .
Heritabilities for all plasma FAs ranged from 0.35 to 0.55, which indicates a significant additive genetic contribution. The heritability estimates for PUFAs in the study by Tanaka et al (6) ranged between 0.28 and 0.38, which is similar to our findings. Given the importance of plasma FAs in the pathogenesis of CVD and T2DM, the search for a QTL influencing the variation in plasma FA is a critical first step toward identifying candidate genes. The strongest evidence for a QTL was obtained for total MUFAs on chromosome 8p, with a one-LOD support interval of '20 cM. The QTL coincides with a QTL for total PUFAs, which makes this region unique for unsaturated FA concentrations. This region contains several strong positional candidate genes of potential interest. Most promising are b3-adrenergic receptor (ADRB3), lipoprotein lipase (LPL), apolipoprotein J or clusterin (APOJ or CLU), macrophage scavenger receptor 1 (MSR1), and tumor necrosis factor superfamily member 10B (TNFRSF10B). ADRB3 encodes a G-protein coupled cell surface receptor (ADRB3) that plays an important role in lipolysis and energy expenditure (25) . Associations between human obesity and the Trp26Arg polymorphism in ADRB3 have been consistently reported by several studies across populations (26, 27) . Although SNPs in ADRB3 were not associated with circulating FAs in our current study, SNP rs35361594 showed an association with BMI, percentage body fat, and waist circumference. This SNP, located in the flanking 5# untranslated region of the ADRB3, has not been previously associated with obesity.
LPL variation has been associated with hypertriglyceridemia, BMI, and body fat (28) . LPL encodes an enzyme that hydrolyzes chylomicron triglycerides to free FAs (29) . LPL variant Asn291Ser was found to increase the risk of dyslipidemia with advancing age and weight gain (30) . Furthermore, in the Mediterranean population, Corella et al (27) also found a gene-gene interaction between ADRB3 and LPL SNPs influencing BMI in women. In our study, SNP rs285 was found to have strong statistical evidence for a functional effect and was associated with higher concentrations of the PUFA 18:2n26. This polymorphism is in the sixth intron and generates a PvuII restriction enzyme site (31) . Although this SNP (located in an intron) may not have a direct effect on the protein structure, it potentially could mediate an effect on gene transcription or it could be in strong LD with a functional variant. Another LPL SNP, rs328, results in a nonsense substitution at Ser447. In our study, this SNP was strongly associated with plasma triglycerides, with its minor allele (G) being associated with lower concentrations of triglycerides. Not only was this variant previously associated with a lower risk of coronary heart disease, but it was also associated with lower concentrations of triglycerides and higher HDL concentrations (36) . Moreover, the same polymorphism was associated with lower blood pressure in adults (32) . APOJ, another gene in our one-LOD support interval, codes for a glycoprotein that exists in plasma with HDL subfractions and has antiinflammatory properties. Polymorphisms of APOJ have been associated with tumorigenesis and Alzheimer disease (33) (34) (35) . In addition, it plays a role in lipid transport, and its polymorphisms have been associated with high HDL concentrations (36, 37) . In our study, the SNP rs9331891, which had a strong probability of functional effect on total FAs, was associated with higher concentrations of total FAs. Given its antiinflammatory properties and its role in lipid transport, APOJ appears to play an important part in atherosclerosis. In a study conducted in angiography patients, individuals with coronary stenosis had higher APOJ concentrations than those without stenosis (36) .
Also within this one-LOD support interval are TNFRSF10B and MSR1. Also known as death receptor 5 (DR5)/tumor necrosis factor (TNF)-related apoptosis-inducing ligand-receptor 2 (TRAIL-R2), it encodes for TNFSRF10B, which mediates apoptosis through an intracellular adaptor molecule FADD (38) . Free FAs are known to induce steatosis in liver and subsequently the apoptosis of hepatocytes. It has been shown that free FAs induced the apoptosis of hepatocytes, and adipocytes occur primarily through a TNFRSF10B-mediated mechanism (39, 40) .
Thus, TNFRSF10B appears to play a key role in FA metabolism. The TRAIL, a ligand for TNFRSF10B, has been associated with vascular injury, atherosclerosis, and diabetes (both type 1 and 2) (41). In a study conducted in healthy adults, serum TRAIL had significant positive correlations with total body fat in men and total and LDL cholesterol in men. Also, there was a negative correlation between lean body mass and TRAIL in men, which suggests an association between TRAIL and adiposity (42) . TNFRSF10B variants have been previously shown to be associated with various cancers (43), but not with plasma FAs or adiposity traits, as shown in our study. Another interesting candidate gene in this region is macrophage scavenger receptor 1 (MSR1). MSR1 encodes a surface receptor that mediates the uptake of modified LDLs and results in the accumulation of lipid droplets and foam cell formation (44) . MSR1 has been associated with the risk of atherosclerosis and prostate cancer. The association of MSR1 SNPs with prostate cancer has been reported extensively (45) ; however, to date, none of the MSR1 variants have been associated with plasma FAs or adiposity traits. GWAS, conducted with blood lipids, have localized several associated genes, such as LPL, elongase of very-long fatty acids 2 (ELVOL2), fatty acid desaturases (FADS1, FADS2), apolipoprotein E (APOE), etc. Most consistent among them was LPL; SNP rs7007797, which is in complete LD with rs328, was associated with lower concentrations of triglycerides (46) . Likewise, other LPL SNPs too have been associated with triglycerides (47, 48) and have been replicated in SNP-association studies (49) . The only GWAS that used plasma FAs as phenotypes was focused on PUFAs and not all FAs (6) . Most of the GWAS and other association studies with lipids have been conducted in whites, South Asians, Chinese, Japanese, and Hispanics. However, to date, no such studies have been conducted in Alaskan Eskimos or American Indians. With the increase in disorders such as T2DM and CVD in these populations, these results assume significance.
In conclusion, our analysis provides strong evidence that a gene or genes on chromosome 8p influences susceptibility for plasma unsaturated FAs. This study not only reports an association of plasma FAs and adiposity traits with polymorphisms in genes that have not been previously associated with adiposity (APOJ, ADRB3, TNFRSF10B, and MSR1), but also confirms previously reported association of polymorphisms in LPL with adiposity traits.
